Using the characteristics of light-emitting diodes, we studied the effects of light quality, light intensity, and repeated light-dark cycles on the growth of oyster mushroom mycelia. Blue-light stimulation suppressed growth in oyster mushroom mycelia, and this effect was remarkably dependent on light intensity. Random amplified polymorphic DNA differential display analysis enabled the identification for the first time of 15 upregulated and 13 downregulated genes induced by blue-light stimulation. On the basis of a homologous search using BLASTX and the Interpro database, the transcription products were analyzed to identify the putative proteins. In addition, by real-time PCR analysis, the time courses of the expression levels of eight of the genes identified were found to include intrinsic induction time.
An important area of technological development in agriculture involves the use of artificial light stimulation to regulate growth and morphogenesis in plants and organisms and to accelerate the biosynthesis of functional foods.
1) It is therefore crucially important to clarify the photoresponse mechanisms of certain plants and organisms. Phytochromes, photoreceptors in plants that respond to red and far-red light, have been known for some time, and the blue-light receptors cryptochrome and phototoropin were discovered in the 1990s.
2) A few photoreceptors in fungi have been found to participate in sporulation, DNA stability, and adjustment of the biological clock. 3, 4) Genes encoding for blue photoreceptors found in the Basidiomycota mushrooms, dst1 in Coprinus cinereus 5) and phrA and phrB in Lentinula edodes, 6, 7) are thought to be the homologue genes of wc-1 or wc-2 in Ascomycota Neurospora crassa. Therefore, blue-light receptors are widely conserved by plants and organisms, and it is likely that blue light plays an important role in biocontrol systems.
In order to understand the biological phenomena associated with photoresponse, it is essential strictly to regulate both the wavelength and the strength of the light, but common light sources, such as fluorescent and incandescent lamps, have a broad wavelength region. Hence, it has been difficult to determine the influence of any specific wavelength range. Recently, the invention of blue, green, red, and far-red LEDs has made it possible to employ specific wavelength ranges of light and to control emission intensity. Here we report, on the basis of our study of oyster mushroom (Pleurotus ostreatus) mycelia using visible LEDs, that the suppression of the growth phase caused by blue light is dependent on light intensity, while red and far-red light do not influence the growth phase regardless of light intensity. Furthermore, analysis using a random amplified polymorphic DNA differential display (RAPD DD) method 8, 9) indicated that 15 genes are upregulated and 13 genes are simultaneously downregulated by bluelight stimulation. Surprisingly, this is the first time that these genes have been identified as being sensitive to blue-light stimulation. Although it is difficult to detect transcripts rapidly induced by light by RAPD DD analysis, the present findings might lead to advances in our understanding of the blue-light response in fungi. The crop yield of this edible mushroom is the second highest in the world, and this new information has considerable potential to serve as the basis for further studies which might improve cultivation of it.
A modified MA medium consisted of 10 g of malt extract, 10 g of D(þ)-glucose, 4 g of yeast extract, and 25 g of agar in 1 liter of distilled water. A GPY medium consisted of 50 g of D(þ)-glucose, 2.5 g of polypeptone, 1.0 g of KH 2 PO 4 , 0. C for 20 min before use. The oyster mushroom KH-3 dikaryotic strain was first incubated at 20 C in the dark on the MA medium in a Pyrex Petri dish (diameter, 9 cm). The fungal thread was grown concentrically to form a mycelial colony about 70 mm in diameter. From the periphery of the mycelial colony, a colony 6 mm in diameter was cut out and inoculated at the center of the GPY medium in a Petri dish. In experiments on the effect of light stimulation on mycelial growth and in gene expression analysis, colonies about 20 and 65 mm respectively in diameter grown on the GPY agar media at 20 C in the dark were used.
An ELUX-1096 LED lighting unit for plant cultivation research (CCS, Kyoto) was used for the culture of y To whom correspondence should be addressed. Fax: +81-265-77-1627; E-mail: mkojma@shinshu-u.ac.jp mycelia, and the temperature was kept constant at 20 C. Light intensity was set using photon flax density (PFD) measurements taken with an LI-190 quantum sensor (LI-COR Bioscience, Lincoln, NE).
Mycelial colonies about 65 mm in diameter grown on GPY agar media at 20 C in the dark were irradiated for 120 h using blue LED at 105 mmol m À2 s À1 of PFD for RAPD DD analysis. The colonies were then immediately frozen in liquid nitrogen and stored at À80 C until use. Total RNAs were extracted from the frozen colonies with an RNeasy Plant Mini Kit (Qiagen, Tokyo) following the manufacturer's instructions. Contaminating genomic DNA was removed using an RNaseFree DNase Set (Qiagen). The quality of total RNAs was evaluated with Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA).
Total RNAs extracted from the mycelial colonies mentioned above were used in the synthesis of firststrand cDNAs by reverse transcriptase. Reverse transcription was performed for 1.5 h at 42 C in a final reaction volume of 20 ml containing 3 mg of purified total RNAs, 4 ml of 5 Â reaction buffer (Promega, Madison, WI), 5 ml of dNTPs (each 2 mmol/l), 2 ml of 10 mmol/l dT-ACP1 (5 0 -CTGTGAATGCTGCGACTA-CGATIIIIIT(18)-3 0 ), 0.5 ml of RNasin Ò RNase Inhibitor (40 U/ml, Promega), and 1 ml of Moloney murine leukemia virus reverse transcriptase (200 U/ml, Promega). Firststrand cDNAs were diluted by the addition of 80 ml of ultra-purified water for GeneFishingÔ PCR, and were stored at À20 C until use. Differentially expressed genes were screened using an ACP-based GeneFishingÔ PCR method 10) and the GeneFishingÔ DEG Premix Kit (Seegene, Seoul, Korea). Briefly, second-strand cDNA synthesis was conducted at 50 C during one cycle of first-stage PCR in a final reaction volume of 20 ml containing 3-5 ml (about 50 ng) of diluted first-strand cDNAs, 1 ml of dT-ACP2 (10 mmol/l), 1 ml of 10 mmol/l arbitrary ACP, and 10 ml of 2 Â Master Mix (Seegene). The PCR protocol for second-strand synthesis was one cycle at 94 C for 1 min, followed by 50 C for 3 min and 72 C for 1 min. After second-strand DNA synthesis was completed, the second-stage PCR amplification protocol was 40 cycles of 94 C for 40 s, followed by 65 C for 40 s and 72 C for 40 s, followed by a 5-min final extension at 72 C. The amplified PCR products were separated in a 2% agarose gel stained with ethidium bromide. The differentially expressed bands were re-amplified and extracted from the gel using a GENCLEAN Ò II Kit (Q-BIO Gene, Irvine, CA), and were directly sequenced once (one-end sequencing) with an ABI PRISM Ò 3100-Avant Genetic Analyzer (Applied Biosystems, Foster City, CA) using universal primer (5 0 -GTCTACCAGGCATTCGCTTCAT-3 0 ). This sequence (300-500 bp) was in turn used to perform a BLAST search.
The forward and reverse primers used in quantitative PCR analysis were designed using Primer Express 3.0 (Applied Biosystems) for TaqMan Primers and an MGB Probe (Supplemental Table 1 ; see Biosci. Biotechnol. Biochem. Web site). First-strand cDNAs were synthesized from total RNAs with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Relative gene expression levels were determined in SYBR Ò Green Fast mode with a StepOneÔ Real-time PCR System (Applied Biosystems). Both procedures were carried out following the manufacturer's instructions. All reactions were run in triplicate. A non-template control for the primer set was included in each run, and 18S rRNA was used as an internal control. By using controls without reverse transcriptase, we verified that the signals generated were not overestimated due to contamination resulting from residual genomic DNA amplification.
Total RNAs extracted from the mycelial colonies were also used in the synthesis of first-strand cDNAs with a SMARTerÔ RACE cDNA Amplification Kit (Takara Bio, Shiga, Japan). 5 0 -RACE primers designed using Primer3 are shown in Supplemental When the approximately 20 mm-diameter mycelial colonies on GPY agar media were further cultured in the dark, they expanded to almost 90 mm in diameter, covering the surface of the agar media in the Petri dishes. In contrast, when the approximately 20 mm-diameter colonies were irradiated with blue light (peak emission wavelength or PEW, 470 nm; spectrum radiation bandwidth or SRB, 30 nm) using an LED lighting unit with a blue LED panel attached at 105 mmol m À2 s À1 of PFD, mycelial growth was completely suppressed. However, far-red (PEW, 735 nm; SRB, 30 nm) and red (PEW, 660 nm; SRB, 20 nm) light did not affect growth at all at the PFD used for blue light, even when PFD was increased to 210 mmol m À2 s À1 . Partial suppression of the growth of Lentinula edodes mycelia as a result of blue-light stimulation was also found to be independent of variations in light intensity. 11) These results strongly suggest that basidiomycetes have a common blue-light response.
In order to gain a deeper understanding of the bluelight response, the approximately 20 mm-diameter colonies were irradiated at 51, 26, 11, and 6 mmol m À2 s
À1
of PFD, and growth change was observed by following the daily increase in diameter. As can be seen in Fig. 1A , the higher PFD was adjusted, the more strongly mycelial growth was suppressed. This indicates that the suppression effect of blue light on mycelial growth is strictly dependent on light intensity. It has been reported that the wavelength and intensity of light appeared to influence the sporulation, 12) hyphal aggregation, 13) and fruit-body primordium formation of oyster mushrooms.
14) Thus, it is likely that the wavelength and intensity of light are important factors in regulation of the growth and morphogenesis of the mushroom.
DNA is not directly damaged by visible light.
15)
Hence, we predicted that mycelial growth would recover if blue light irradiation were discontinued. As shown in Fig. 1B , when a light and dark cycle was repeated every 3 d using blue LED, suppression and recovery of mycelial growth were alternately observed. This suggests that upregulation and/or downregulation of the genes associated with mycelial growth are repeatedly induced by blue-light signal transduction. Gene expression analysis was used to clarify the bluelight response mechanism of the oyster mushroom mycelia. Total RNAs were first extracted from mycelia colonies cultured under dark conditions and under bluelight irradiation using a commercially available extraction kit. The use of a commercially available DNA microarray for oyster mushroom would have made the task of detecting the genes rapidly up-and downregulated by blue-light stimulation much easier, but due to the unavailability of a microarray and in order to analyze photoresponse genes on the basis of clear differences in growth between irradiated and notirradiated mycelia, the technique we adopted was RAPD DD analysis, which has a lower sensitivity than that afforded by a DNA microarray, with mycelial colonies irradiated for 120 h.
Nevertheless, this approach led to the discovery of 15 upregulated (UR1-15) and 13 downregulated genes (DR1-13) induced by blue-light stimulation. All of the DNA sequences were determined as shown in Tables 1   and 2 (Accession numbers of DNA Data Bank of Japan, AB551953-551988). For example, four upregulated (UR1-4) and four downregulated genes (DR1-3 and DR13) appear in Fig. 2 . Most of the gene sequences determined had a poly-A tail at the 3 0 end. Therefore, it is likely that the functions of the genes are encoded upstream of the sequences. Using the BLASTX of Pleurotus ostreatus PC15 v1.0 in JGI Genome Portal, a homologous search was carried out using the partial sequences identified. The results are also summarized in Tables 1 and 2 , together with putative protein identifications. For UR1-4, 11, 12 and DR1-3, the entire sequences were determined by the Rapid Amplification of cDNA Ends (RACE) method.
On the basis of the various entire sequences determined by the RACE method, it was confirmed that the partial DNA sequences obtained by RAPD DD analysis can be used as query terms for a homologous search using BLASTX. As can be seen in Tables 1 and 2 , genes encoding for a wide variety of putative proteins are upand downregulated by blue light: DyP-type peroxidase (UR1), alcohol dehydrogenase or chaperonin (UR4), When dark-grown mycelial colonies about 65 mm in diameter were prepared, the colonies were irradiated with blue light at PFD ¼ 105 mmol m À2 s À1 for 5 d. Dark-grown and irradiated samples were immediately frozen using liquid nitrogen, and total RNAs were extracted from the samples. Using the GeneFishingÔ DEG Premix Kit and the total RNAs extracted, UR1-4 and DR1-3, 13 and another 11 upregulated and nine downregulated genes were detected by electrophoretic analyses. I, under dark conditions; II, under blue-light irradiation; M, size marker. glyoxal oxidase or galactose oxidase (UR6), decarboxylase or O-methyltransferase (UR7), aldo-keto reductase (UR9), cupredoxin (UR10, UR14), ankyrin repeat (UR12) and beta-lactamase (UR13), ribosomal protein S19 (DR3), glycosyl transferase (DR4, DR6), peptidase S8/S53 or proteinase inhibitor (DR5), FAD linked oxidase (DR8), translationally controlled tumour protein (DR9), and ATPase (DR10). The functions of these genes, how they interact with each other in response to blue-light stimulation, and the function of that response have not yet been determined. In particular, no possible protein function has yet been found for UR2, 3, 5, 8, 11, 15 and DR1, 2, 7, 11-13. However, our study is the first to find that these 28 genes are regulated simultaneously by blue-light stimulation. Further study to clarify the functions of the genes is now in progress.
When the time courses of the expression levels of genes UR1-4 were tracked by real-time PCR method, their expression level in the mycelial colonies cultured in the dark was negligible regardless of culture time (Fig. 3A-D) . However, under blue-light irradiation, the expression levels of genes UR1-2 and UR4 started to increase several h after irradiation, and finally reached a steady-state level (Fig. 3A, B , and D), while for UR3 the expression level further increased after irradiation for 120 h (Fig. 3C ).
As seen in Fig. 3E, F , and H, the expression levels of genes DR1, DR2, and DR13 decreased rapidly on bluelight stimulation, and were almost completely deleted 30 h later. On the other hand, the expression level of DR3 began to decrease from about 40 h after irradiation, and decreased to approximately a fourth of its original level after irradiation for 120 h (Fig. 3G) . This is consistent with the result for electrophoresis analysis (Fig. 2B) , where DR3 is not completely suppressed after the same irradiation time. A homologous search found that DR3 is a putative gene encoding ribosomal protein S19 (RPS19), and also that it plays a pivotal role in the assembly and maturation of the pre-40S ribosome particle in yeast. 16) Given that RPS19 interacts with other proteins, 17) it is likely that DR3 is not completely suppressed even under blue-light stimulation because it is needed to maintain a vital function. These results suggest that blue-light stimulation causes both upregulation and downregulation of many genes in oyster mushroom mycelia, and also that the changes in expression level are related to exposure time and probably to the protein functions the genes encode, although most of those functions are still unknown.
It is highly probable that the 28 genes identified in this study play roles not only in the growth and morphogenesis of fungi but also in decolorization, 18 ) the biosynthesis of pigments, 19) and the production of nutrients. 20, 21) Due to the limitations of RAPD DD analysis as a measurement tool, the transcripts found might not have been rapidly induced by blue-light stimulation. Even though the changes in the 28 genes identified here are a secondary response to reduced growth and/or stress, the present findings nonetheless have considerable potential to contribute to understanding of the photoresponse mechanism of fungi. Further study of the application of light stimulation to oyster mushroom cultivation is in progress.
